This activation is important in releasing LHRH since addition of 8-monobutyryl cGMP also released the peptide. Ethanol had no effect on the content of NO or the increase in content induced by norepinephrine indicating that it did not act on NOS. Earlier experiments indicated that prostaglandin E 2 (PGE 2 ) was important in releasing LHRH. PGE 2 is produced by activation of cyclooxygenase by NO since this could occur following addition of the NO donor nitroprusside. Not only does NP increase PGE 2 release, but also the conversion of [ 14 C]arachidonic acid to its metabolites, particularly PGE 2 . Ethanol acts at this step since it completely blocks the release of LHRH induced by NP and the increase in PGE 2 induced by NP. Therefore, the results support the theory that norepinephrine acts to stimulate NO release from NOergic neurons. This NO diffuses to the LHRH terminals, where it activates guanylate cyclase, leading to an increase in cGMP. At the same time, it also activates cyclooxygenase. The increase in cGMP increases intracellular free calcium, required for activation of phospholipase A 2 . Phospholipase A 2 converts membrane phospholipids into arachidonic acid, the substrate for conversion by the activated cyclooxygenase to PGE 2 which then activates the release of LHRH. Since alcohol inhibits conversion of labeled arachidonic acid to PGE 2 , it must act either directly to inhibit cyclooxygenase or by some other mechanism which, in turn, inhibits the enzyme. Keywords: medial basal hypothalamic (MBH) explants; nitric oxide synthase (NOS); norepinephrine; ␣ 1 receptors; intracellular free calcium; calmodulin; guanylate cyclase; cyclic GMP (cGMP); prostaglandin E 2 ; phospholipase A 2
Introduction
to plant a vineyard (Book of Genesis 9:20). Today, alcohol is classified as a psychotropic drug, like morphine This paper will review our research and that of our and delta-9-tetrahydrocannabinol, the active ingredient associates on the effects of alcohol on reproductive of marijuana. A large number of neurotransmitters, not behavior and gonadotropin secretion. Alcohol and the only classical transmitters, but also a host of neuropepfermentation process that produces it were discovered tides that can act as neurotransmitters or neuromodulain time immemorial. The importance was indicated by tors, exist in the central nervous system (CNS) and the fact that after the flood, the first task of Noah was there is evidence that alcohol can affect a number of them. Therefore, the study of the mechanism of action of alcohol in the CNS is complicated.
functions, such as memory. It also diminishes sexual (LHRH) was evaluated. The release of LH and FSH in response to LHRH was not affected by alcohol and in behavior and inhibits reproductive function in rodents, monkeys and man. [1] [2] [3] Not only chronic alcohol intake 4 fact, the release of LH was even augmented, probably because of accumulated, releasable LH during the perbut also short-term intake and even a single high dose can inhibit the estrous cycle in rats by inhibiting iod of inhibition of LH release. These results indicate that alcohol does not depress the pituitary directly, but luteinizing hormone (LH) secretion. 5 instead suppresses pulsatile LHRH release instead of pituitary responsiveness to the peptide. Since the pulMethods and materials satile release of FSH was not affected, the results also point to a differential hypothalamic control of the two We have performed two types of studies. The first was in conscious rats bearing intrajugular catheters for the gonadotropins with the release of the putative FSHreleasing factor being unaffected by alcohol. Since the injection of substances into the right atrium and for withdrawal of blood samples. Sometimes these anipulsatile release of LH is required for normal function of the gonads in both sexes and for production of gonamals also have an implanted third ventricular (3V) cannula which allows the microinjection of substances dal steroids, it appears that the essential mechanism of the suppressive action of ethanol on reproduction is by into the ventricular system of conscious animals. 6 To study the mechanism of action of alcohol, we have its inhibition of pulsatile LHRH release. 5 employed in vitro incubation of medial basal hypothalamic (MBH) explants in a static incubation system.
Mechanism of stimulation of LHRH release
Previous research has shown that norepinephrine (NE) After a 30-min preincubation period in Krebs Ringer bicarbonate buffer (KRB), the medium is changed and stimulates the release of LHRH by acting on ␣1-adrenergic receptors. The LHRH is released into the hyporeplaced with fresh medium containing the various substances to be tested. At the end of the incubation, physeal portal capillaries and is transported to the anterior pituitary where it stimulates the gonadotropes we measure the release of various substances into the medium. 6 A similar approach is used to investigate to release LH. 6, 8 We have shown that nitric oxide (NO), the first gaseous transmitter, is critically involved in direct pituitary actions by incubating either the neural lobe of the pituitary gland or hemianterior pituitary this pathway of NE-stimulated LHRH release. 9, 10 There are NOergic neurons present in the arcuate-median glands in vitro. Again, after a preliminary incubation period, fresh medium containing the various subeminence region and the lateral wings of the median eminence, in the same location as the axons of the stances to be tested is added. The incubation is then continued until the end of the incubation. Then vari-LHRH neuronal terminals. We have evidence that the release of NO from these NOergic neurons stimulates ous substances can be measured in the incubation fluid. 7 the release of LHRH from the LHRH neuronal terminals intermingled with the NOergic fibers in the arcuate median-eminence region. This LHRH diffuses into the Results and discussion hypophyseal portal vessels and stimulates the release of LH from the pituitary. 9 Effect of alcohol on gonadotropin release in the rat We and others have shown that chronic injections of
The evidence for this comes from in vitro experiments incubating medial basal hypothalamic (MBH) alcohol will block the estrous cycle in the rat and inhibit the onset of puberty and that these changes are explants. In the presence of sodium nitroprusside (NP), a donor of NO, LHRH release increased. The stimulated associated with suppression of gonadotropin secretion. 4 To determine the mechanism of these release of LHRH evoked by norepinephrine (NE) was blocked by a competitive inhibitor of NO synthase effects, we used conscious, castrated male rats with indwelling gastric catheters. 5 The control animals (NOS), N g -monomethyl-l-arginine (NMMA). The role of NO in LHRH release was confirmed by in vivo studshowed elevated pulsatile release of FSH and LH as determined by RIA of serial plasma samples and pulse ies in conscious castrated rats with implanted third ventricular cannulae. Microinjection of NMMA into analysis, the consequence of elimination of negative gonadal steroid feedback. When the rats were administhe 3V lowered plasma LH by inhibiting pulsatile LH release but not FSH release in these animals. 9 tered diluted alcohol through the gastric catheter at a dose which produces mild intoxication in the rat, simiThe results to this point indicated that NE-induced LHRH release was mediated by alpha-1 noradrenergic lar to that produced by two or three martinis in humans, there was a complete inhibition of pulsatile receptors which presumably acted on the NOergic neurons to activate NOS. The released nitric oxide diffused release of LH after a variable delay (10-60 min), but, on the contrary, there was no impairment in pulsatile to the LHRH terminals to activate the release of LHRH. We attempted to see whether or not this activation of FSH release. Even in the control animals, pulses of FSH and LH were frequently asynchronous.
NOS had occurred by using the citrulline method to measure the activity of the enzyme. Since NOS conTherefore, alcohol had quickly inhibited pulsatile LH release, but had had no effect on pulsatile FSH verts arginine plus oxygen in the presence of cofactors into citrulline plus NO and the NO rapidly disappears release. To determine if this inhibition was caused by a direct inhibition at the pituitary level, the pituitary with a half-life of 5-10 seconds, but the citrulline remains, this method can measure the activity of the response to i.v. injection of LH-releasing hormone enzyme. In its original form, the tissue was incubated does NO appear to activate cyclooxygenase but also lipoxygenase (Rettori et al, unpublished data) . The prowith 14 C-labeled arginine, then homogenized and the conversion to 14 C citrulline was measured. 11 Prelimiducts of the lipoxygenase step can also activate LHRH release, so that the combined activation of cyclooxynary experiments indicated that this method gave inconstant results. Therefore, we modified it by incubgenase and lipoxygenase is probably responsible for the LHRH released. ating the tissue with norepinephrine and then homogenizing it. The labeled arginine was added to the The classical mechanism of action of NO is via cGMP following NO activation of guanylate cyclase, again by homogenate and it was incubated for 15 min at 37°C. This method gave a reproducible conversion of 14 
C
interacting with the heme group on the molecule to activate the enzyme. A relatively high concentration of arginine to citrulline and this also occurred when we used a highly purified NOS preparation. Furthermore, 8-monobutyryl cyclic GMP caused the release of LHRH and this would fit with the hypothesis that cGMP is in inhibition of NOS with nitroarginine methyl ester, another inhibitor of NOS, markedly reduced the generpart responsible for the ability of NO to release LHRH. Even though the concentration is relatively high, simiation of 14 C citrulline indicating that we were indeed measuring the activity of the enzyme. When norepilar concentrations were required to activate the actions of NO in other tissues, probably because of poor pennephrine was incubated with the tissue for 30 min, followed by homogenization and measurement of the etration of the analog through cell membranes. Therefore, our results provide evidence for the importance NOS activity, it was found to increase the activity. However, if we measured the effect after purification of cGMP in LHRH release.
12
In pancreatic acinar cultures, Muallem's group 14 has of the enzyme, it persisted. Consequently, it appears that norepinephrine actually increased the content of shown that small increases in cGMP can increase intracellular free calcium, whereas higher concentrations of NOS during the 30 min incubation. This conclusion is supported by the ability of actinomycin-D, an inhibitor the nucleotide depress it. 12 We postulate that NE causes a release of NO which is sufficient to increase of DNA-directed RNA synthesis, to prevent the NEinduced increase in content (Rettori et al, unpublished cyclic GMP to relatively low levels that increase intracellular free calcium. The intracellular free calcium data, 1995). Thus, since the increase could also be blocked by the alpha-1 receptor blocker, prazosin, activates phospholipase A-2, thereby converting membrane phospholipids to arachidonate, the substrate for which had no effect on basal content, we believe that NE activates alpha-1 receptors on the NOS neuron cyclooxygenase and lipoxygenase. Therefore, activation of guanylate cyclase by NO appears to be an which causes an increase in intracellular free calcium. This combines with calmodulin activating the enzyme important step in the induction of LHRH release. Glutamic acid stimulates LHRH release by NMDA and causes the release of NO which is reponsible for the increased LHRH release. We further believe that receptors via release of NO. 15 The pathway is as follows: NMDA receptors are located on the noradthis activation of the enzyme causes rapid, de novo synthesis of NOS, presumably by increasing the nNOS renergic terminals. Glutamergic neurons activate these receptors resulting in release of NE which acts on mRNA which then brings about synthesis of the enzyme. 12 Since it has been shown that there is no coalpha-1 receptors to release NO from NOergic neurons; the NO diffuses into the LHRH terminals and releases localization of nNOS in LHRH neurons in the hypothalamus, 12 it is unlikely that NOS exists in LHRH neu-LHRH. That the pathway is as just described is indicated by the fact that addition of an alpha adrenergic rons, but rather that it is found in the NOergic interneurons which release NO to act on the adjacent receptor blocker abolished the stimulatory action of glutamate on LHRH release. 16 LHRH terminals. Recently, we showed that this inhibition of LHRH release was caused by blockade of the activation of increasing the release of PGE 2 , so this is apparently the mechanism of action of NE via nitric oxide. Earlier COX by alcohol since it inhibited NE-stimulated release of PGE 2 measured by RIA. It also blocked the work suggests that PGE 2 then activates adenylate cyclase which increases cyclic (c)AMP. Cyclic AMP conversion of labeled arachidonate acid (AA) to its metabolites measured by radioconversion of 14 C-AA. activates protein kinase A that promotes the exocytosis of LHRH from secretory granules in LHRH neuronal On the other hand, different concentrations of alcohol were without effect on the NOS content measured at terminals. 12 Further evidence that cyclooxygenase is indeed actithe end of the experiment by the modified citrulline method, whether or not the enzyme had been activated vated was obtained by demonstrating that NE or NO would increase the conversion of 14 C-labeled arachiby norepinephrine. 12 Therefore, alcohol apparently does not alter NOS activity. Alcohol also does not donate to PGE 2 and other prostanoids.
10,12,13 Not only block the ability of norepinephrine to increase cyclic also by stimulation of its binding to GABA receptors which have been identified on LHRH neurons. 26 GMP release into the medium of incubated MBHs. Therefore, ethanol is not blocking the activation of Several cytokines also inhibit LHRH release. IL-1␣ has been shown to block LHRH release stimulated by guanylate cyclase by NO. 12 From all these studies, we conclude that the mech-NO. 27 Granulocyte-macrophage colony-stimulating factor (GMCSF) is another cytokine which suppresses anism of action of alcohol to block LHRH release is via its blockage of the activation of cyclooxygenase and LHRH release from MBH explants. We have recently shown that its action is mediated by GABA since the lipoxygenase. Blockade of lipoxygenase by alcohol is supported by its suppression of conversion of 14 C-AA inhibition can be blocked by the GABA-A receptor blocker, bicuculline. 28 We are currently carrying out to leucotrienes (Rettori et al, unpublished data, 1994) . On the basis of our studies, we hypothesized that alcoexperiments to determine whether bicuculline can block the inhibitory effect of alcohol on the response hol acted directly on the LHRH neuronal terminals to inhibit the response to NO.
of the LHRH neurons to NO. Interestingly, delta-9-tetrahydrocannabinol, the active ingredient in marijuana, also inhibits LHRH release 29 and acts, as does IL-1␣, 30 by blocking the Other inhibitors of LHRH release Although we speculated that the action of alcohol was increase of PGE 2 induced by norepinephrine and the conversion of 14 C-AA into prostanoids, just as in the directly on the LHRH terminals to suppress the response to NO, there are a number of inhibitory transcase of alcohol. Therefore, we hypothesize that inhibition of LHRH neuronal stimulation by NO may be mitters in the CNS that can decrease LHRH release and some are also altered by alcohol. One of these systems mediated in all these instances by activation of GABA neurons. is the endogenous opioid system. The endogenous opioids and their specific receptors are found in hypoAlcohol may also act by still other mechanisms since it has been shown that the release of NE stimulated by thalamic regions where LHRH neurons and terminals are located. 19 The stimulation of opioid receptors by glutamic acid 31 can be blocked by GABA, which could lead to the inhibition of LHRH release and subsequent beta endorphin or morphine prior to ovulation blocks the release of LH and thereby inhibits ovulation.
decrease in plasma LH as well.
32
Opioids also inhibit pulsatile LH release by hypothalamic action and the inhibition can be reversed by The effect of alcohol on sex behavior On the other hand, from studies in vivo, it is clear that naloxone, a mu opioid receptor antagonist. 20 Furthermore, opioids block the stimulation of LHRH induced LHRH not only releases LH from the pituitary, but also induces sexual behavior. LHRH induces lordosis after by alpha-1 adrenergic receptors. This inhibition of preovulatory release by beta endorphin or morphine can mounting by the male in estrogen-primed, ovariectomized female and even in estrogen-primed, ovariectombe reversed by PGE 2 administration into the 3V of the rat. Some authors have found an increase of beta endorized, adrenalectomized rats which indicates that only estrogen is required, whereas under ordinary conphin in plasma as well as an increase in the hypothalamus after alcohol administration. 21 This increment can ditions lordosis behavior is only induced in estrogenprimed rats by progesterone. Therefore, progesterone be reversed by administration of naloxone. The administration of naloxone is able to block the increase in presumably acts to induce lordosis by releasing LHRH. Our collaborators showed that introduction of prohypothalamic dopamine (DA) content induced by administration of alcohol as was shown by us some gesterone into the 3V cannula would induce mating within 30-45 min in ovariectomized, estrogen-primed time ago.
22
Whether a possible alcohol-induced increase in opioid peptide release within the hypoanimals. Therefore, it was possible to evaluate the role of NO in this pathway. A releasor of NO, sodium thalamus plays a role in the inhibition of LHRH release induced by alcohol remains to be determined.
nitroprusside evoked mating behavior in these animals within 30-45 min and the response was abolished by The other inhibitory system that also effects LHRH release and is also effected by alcohol is the gamma preinjection into the third ventricle of LHRH antiserum, but not normal rabbit serum, demonstrating the amino butyric acid neuronal (GABAergic) system. We have shown that GABA inhibits the release of LHRH necessity of LHRH for the response. Furthermore, injection of NMMA in doses even 100-fold less than by MBH explants from male rats in vitro and that this inhibition is via the blockade of the response of the those used earlier to suppress LH release, completely blocked estrogen-progesterone-induced mating. There-LHRH terminals to NO since in the presence of the NOS inhibitor, NMMA, the inhibition does not take fore, it is clear that NO is required for LHRH-induced mating in the rat. 33 Nitric oxide also appears to be place. 23 Interestingly, it has been clearly shown that alcohol stimulates the GABAergic system in the hypoinvolved in mating behavior in males since intraventricular injection of NMMA can block the penile erecthalamus. 24 Furthermore, we showed previously that acute administration of alcohol to rats increased GABA tion induced by intraventricular injection of oxytocin. 34 Some LHRH neurons apparently stimulated by binding to its receptors in the hypothalamus. 25 Therefore, it is possible that the action of alcohol to suppress NOergic neurons have axons which project to the brain stem to activate neurons involved in inducing lordosis the response of LHRH terminals to NO is mediated not only by direct action of the drug to release GABA, but in the female and penile erection in the male.
